We use the Terrestrial Ecosystem Model (TEM, Version 4.1) and the land cover data set of the international geosphere-biosphere program to investigate how increasing atmospheric CO 2 concentration and climate variability during 1900-1994 affect the carbon storage of terrestrial ecosystems in the conterminous USA, and how carbon storage has been affected by land-use change. The estimates of TEM indicate that over the past 95 years a combination of increasing atmospheric CO 2 with historical temperature and precipitation variability causes a 4.2% (4.3 Pg C) decrease in total carbon storage of potential vegetation in the conterminous US, with vegetation carbon decreasing by 7.2% (3.2 Pg C) and soil organic carbon decreasing by 1.9% (1.1 Pg C). Several dry periods including the 1930s and 1950s are responsible for the loss of carbon storage. Our factorial experiments indicate that precipitation variability alone decreases total carbon storage by 9.5%. Temperature variability alone does not significantly affect carbon storage. The effect of CO 2 fertilization alone increases total carbon storage by 4.4%. The effects of increasing atmospheric CO 2 and climate variability are not additive. Interactions among CO 2 , temperature and precipitation increase total carbon storage by 1.1%. Our study also shows substantial year-to-year variations in net carbon exchange between the atmosphere and terrestrial ecosystems due to climate variability. Since the 1960s, we estimate these terrestrial ecosystems have acted primarily as a sink of atmospheric CO 2 as a result of wetter weather and higher atmospheric CO 2 concentrations. For the 1980s, we estimate the natural terrestrial ecosystems, excluding cropland and urban areas, of the conterminous US have accumulated 78.2 Tg C yr−1 because of the combined effect of increasing atmospheric CO 2 and climate variability. For the conterminous US, we estimate that the conversion of natural ecosystems to cropland and urban areas has caused a 18.2% (17.7 Pg C) reduction in total carbon storage from that estimated for potential vegetation. The carbon sink capacity of natural terrestrial ecosystems in the conterminous US is about 69% of that estimated for potential vegetation.
change. The estimates of TEM indicate that over the past 95 years a combination of increasing atmospheric CO 2 with historical temperature and precipitation variability causes a 4.2% (4.3 Pg C) decrease in total carbon storage of potential vegetation in the conterminous US, with vegetation carbon decreasing by 7.2% (3.2 Pg C) and soil organic carbon decreasing by 1.9% (1.1 Pg C). Several dry periods including the 1930s and 1950s are responsible for the loss of carbon storage. Our factorial experiments indicate that precipitation variability alone decreases total carbon storage by 9.5%. Temperature variability alone does not significantly affect carbon storage. The effect of CO 2 fertilization alone increases total carbon storage by 4.4%. The effects of increasing atmospheric CO 2 and climate variability are not additive. Interactions among CO 2 , temperature and precipitation increase total carbon storage by 1.1%. Our study also shows substantial year-to-year variations in net carbon exchange between the atmosphere and terrestrial ecosystems due to climate variability. Since the 1960s, we estimate these terrestrial ecosystems have acted primarily as a sink of atmospheric CO 2 as a result of wetter weather and higher atmospheric CO 2 concentrations. For the 1980s, we estimate the natural terrestrial ecosystems, excluding cropland and urban areas, of the conterminous US have accumulated 78.2 Tg C yr−1 because of the combined effect of increasing atmospheric CO 2 and climate variability. For the conterminous US, we estimate that the conversion of natural ecosystems to cropland and urban areas has caused a 18.2% (17.7 Pg C) reduction in total carbon storage from that estimated for potential vegetation. The carbon sink capacity of natural terrestrial ecosystems in the conterminous US is about 69% of that estimated for potential vegetation.
Introduction
fossil fuel combustion and land use change (Schimel et al., 1996a) . The surface air temperature of the world has increased by 0.5°C since the Atmospheric CO 2 concentration has increased middle of the 19th century (Jones et al., 1991) . from around 275 ppmv in the eighteenth century
The instrumental records of climate also indicate to around 360 ppmv in the early 1990s due to substantial interannual and decadal variability in temperature and precipitation over the past cen-cesses that affect carbon exchange between of these models to assess carbon storage responses to projected changes in climate and atmospheric terrestrial ecosystems and the atmosphere are sensitive to changes in climate and atmospheric CO 2 , it is important to elucidate the processes that are responsible for the dynamics of these models CO 2 concentration (Dai and Fung, 1993 , Goulden et al., 1996 , Post et al., 1997 . over regions where we have confidence in the spatially explicit historical climate variability. The effect of changes in historical atmospheric CO 2 concentration and climate on terrestrial In this study, we attempt to establish a basic understanding of processes controlling carbon carbon storage, however, is inadequately understood (Post et al., 1997; King et al., 1997) .
storage change in natural terrestrial ecosystems as well as to explore changes in carbon storage The response of ecosystem processes at regional and global scales to changing climate and atmo-capacity caused by land-use change. We use a transient version of the Terrestrial Ecosystem spheric composition is a central theme in the analysis of global change. The traditional focus of Model (TEM 4.1) to investigate the dynamics of terrestrial carbon fluxes and storage in potential ecology or biology, i.e., the organism-centered approach, lacks many of the technical tools for vegetation of the conterminous USA during 1900-1994 in simulations with: (1) historical atmolarge-scale ecosystem analysis (Ehleringer and Field, 1993) . Spatially-explicit models of ecosystem spheric CO 2 concentrations alone; (2) historical air temperature alone; (3) historical precipitation processes have become a key tool for the evaluation of the response of large-scale terrestrial ecosystems alone; (4) a combination of historical temperature and precipitation; and (5) a combination of historto changing climate and atmospheric composition . Most modeling efforts in recent ical atmospheric CO 2 concentrations with historical air temperature and precipitation. Then, we years have focused on understanding the equilibrium response of net primary productivity and use the simulation results with the recent land cover data set (Loveland and Belward, 1997 ) of carbon storage in terrestrial ecosystems to doubled atmospheric CO 2 and associated climate change the international geosphere-biosphere program (IGBP) to examine how the conversion of natural Woodward et al., 1995; VEMAP Members, 1995; Heimann et al. 1997a) . Only a few ecosystems to cropland and urban areas has affected carbon flux and storage. We focus on the studies have attempted to investigate the interannual variations of terrestrial carbon fluxes and stor-conterminous US for 3 reasons: (1) we have more confidence in the historical climate data of the age. Empirical models, e.g., various modifications of the Miami Model (Lieth, 1975) , have initially been conterminous US (Karl et al., 1994; Jones et al., 1991) because it is based on a rather dense monused to simulate the effect of historical climate variability on terrestrial carbon storage (Dai and itoring network of weather stations; (2) we can compare our results to a previous study on the Fung, 1993; Kaduk and Heimann, 1994) . Post et al. (1997) further modified the Miami Model to include equilibrium response of terrestrial ecosystems in the conterminous US ( VEMAP Members, 1995); a CO 2 response term to investigate the combined effects of CO 2 fertilization and climate variability and (3) historical changes in carbon storage have been assessed with inventory techniques for some on the terrestrial carbon storage. The instantaneous responses of the equilibrium functions of these sectors of the conterminous US (Turner et al., 1995) . In addition, the contribution of various models do not account for ecosystem processes such as the feedbacks between the carbon and nitrogen nations to sources and sinks of atmospheric CO 2 is an important issue in the negotiations of a cycles , and may ignore lagged responses to climate change (Kindermann et al., global climate convention. 1996; Schimel et al., 1996b; Braswell et al., 1997) .
Recently, some process-based, spatially explicit 2. Methodology biospheric models have been modified to examine the responses of terrestrial carbon storage to 2.1. Model description interannual climate variability (Kindermann et al., 1996) and historical atmospheric CO 2 concentraThe terrestrial ecosystem model (TEM) is a process-based biogeochemical model that uses tion (Friedlingstein et al., 1995; Kicklighter et al., 1999) . To improve the application spatially referenced information on climate, eleva-tion, soils, and vegetation to make monthly estim-mineralization, etc.). In this study we use version 4.1 of TEM to examine the transient responses of ates of important carbon and nitrogen fluxes and pool sizes (Fig. 1) . The TEM has been used to carbon fluxes and pools of natural vegetation in the conterminous US to historical atmospheric examine patterns of net primary production (NPP) of terrestrial ecosystems in South America CO 2 , air temperatures and precipitation during the time period between 1900 and 1994. (Raich et al., 1991) and North America (McGuire et al., 1992 In TEM, the net carbon exchange between the terrestrial biosphere and the atmosphere is repres- Members, 1995 , Schimel et al., 1996 , Pan et al., 1996 . The model has also been used to estimate ented by net ecosystem production (NEP), which is calculated as the difference between net primary carbon storage and NPP responses of global terrestrial ecosystems to elevated atmospheric production (NPP) and heterotrophic respiration (R H ). Net primary production is calculated as the carbon dioxide and potential climate change (Melillo et al. , 1995a , difference between gross primary production (GPP) and plant respiration (R A ). We describe the 1997; . In most of the previous applications of TEM, the model was used to general formulations of the fluxes GPP, R A , and R H to identify the algorithms and feedbacks that examine changes in carbon fluxes and pools based on equilibrium conditions (e.g., annual NPP are influenced by changes in atmospheric CO 2 , temperature, and precipitation. Relevant details equals annual heterotrophic respiration, annual N uptake by vegetation equals annual net nitrogen are provided in Section 7. Additional detailed descriptions of the structure, parameterization, calibration, and performance of the terrestrial ecosystem model have been documented in previous work (Raich et al., 1991; McGuire et al., 1992 Melillo et al., 1993 Pan et al., 1996 Pan et al., , 1998 . The flux GPP considers the effects of several factors and is calculated at each monthly time step as follows:
where C max is the maximum rate of C assimilation, PAR is photosynthetically active radiation, LEAF is leaf area relative to maximum annual leaf area (phenology), T is temperature, C a is atmospheric CO 2 concentration, G v is relative canopy conductance, and NA is nitrogen availability. The effects of elevated atmospheric CO 2 directly affect nitrogen availability through effects on the rates see Section 7). Temperature directly influences R H through effects on e0.0693T. Both temperature and of nitrogen uptake, decomposition, and net nitrogen mineralization (see Section 7). Precipitation precipitation influence soil moisture to affect f (M V ). Changes in CO 2 concentration, temperinfluences f (LEAF) and f (C a , G V ) through effects on estimated evapotranspiration and influences ature, and precipitation also influence R H through effects on NPP that affect the pool size of soil nitrogen availability through soil moisture effects on the rates of nitrogen uptake, decomposition, organic matter through changes in litterfall input (see Raich et al., 1991) . and net nitrogen mineralization (see Section 7).
In TEM, the flux R A represents total respiration In earlier versions of TEM, the equilibrium calculations of 3 intermediate models were used (excluding photorespiration) of living vegetation, including all CO 2 production from various pro-as inputs to TEM (Pan et al., 1996) . The intermediate models included an irradiance model, a cesses including plant respiration, nutrient uptake, and biomass construction. In TEM, R A is the sum water balance model ( Vorosmarty et al., 1989) , and a leaf phenology model (Raich et al., 1991) . of growth respiration, R g , and maintenance respiration, R m . Growth respiration is prescribed to In version 4.1 of TEM, the algorithms of the intermediate models have been incorporated into be 20% of the difference between GPP and maintenance respiration (see Raich et al., 1991) . TEM so that estimates of irradiance, water fluxes and pools, and leaf phenology are calculated simChanges in atmospheric CO 2 , temperature, and moisture influence growth respiration through ultaneously with the estimates of carbon and nitrogen fluxes and pools. Unlike previous vereffects on GPP. Temperature also influences growth respiration through effects on maintenance sions, version 4.1 of TEM may be used to simulate either equilibrium or transient fluxes and pools of respiration. We model maintenance respiration as a direct function of plant biomass (C V ) as follows: carbon, nitrogen, and water.
where K r is the per-gram-biomass respiration rate 2.2. Application of the model of the vegetation at 0°C, C V is the mass of carbon in the vegetation, T is mean monthly air temper-
The application of TEM in either equilibrium or transient mode requires the input of atmoature, and r is the instantaneous rate of change in respiration with change in temperature. The para-spheric CO 2 concentration and 6 spatially explicit variables: vegetation, elevation, soil texture, mean meter r depends on temperature and is calculated as described in McGuire et al. (1992) . In version monthly temperature, monthly precipitation, and mean monthly solar radiation. The spatially-expli-4.1 of TEM we added an algorithm that alters the parameter K r to represent the accumulation of cit input data sets are gridded at a resolution of 0.5°latitude by 0.5°longitude. In transient mode, tissues with low metabolic rate such as heartwood in woody vegetation and structural carbon in non-input data sets describing interannual variability in atmospheric CO 2 concentration, temperature woody vegetation (see Section 7).
In TEM, the flux R H represents decomposition and/or precipitation are required. In addition to the input data sets, TEM also requires soil-and of all organic matter in an ecosystem and is calculated at a monthly time step as follows (Raich vegetation-specific parameters appropriate to a grid cell. Although many of the parameters in the et . model are defined from published information,
.0693T, some of the vegetation-specific parameters are determined by calibrating the model to the fluxes where K d is the heterotrophic respiration rate at 0°C, C s is carbon soil organic matter, M V is mean and pool sizes of an intensively studied field site. The data used to calibrate the model for different monthly volumetric soil moisture and T is mean monthly air temperature. In version 4.1, changes vegetation types are documented in previous work (Raich et al., 1991; McGuire et al., 1992 . in atmospheric CO 2 influence the parameter K d , which is sensitive to increases in the carbon to The parameterization used in this study is the same as the TEM parameterization used in nitrogen ratio of litterfall that are associated with elevated atmospheric CO 2 (McGuire et al., 1997 , VEMAP Members (1995 , except for the new parameters added to version 4.1 (see McGuire The details of the VEMAP data sets are described by Kittel et al. (1995) . The baseline vegetation et al., 1997 and Section 7).
To apply TEM to a transient scenario of atmo-data set is required to define the vegetation-specific parameters for each grid cell in the application of spheric CO 2 and/or climate, it is first necessary to run the model to equilibrium with a long-term TEM. In this study, we use the VEMAP vegetation distribution for the conterminous US (Fig. 2) , baseline climate appropriate to the initial year of the simulation. The baseline run for each grid cell which is based on Kuchler (1964 Kuchler ( , 1975 . The vegetation types in the VEMAP data set are starts with the December values from the appropriate vegetation-specific calibration. To deter-classified on the basis of physiognomic characteristics of dominant lifeforms except for grassland mine a solution for baseline conditions, the model is run with an open nitrogen cycle so that nitrogen vegetation types, which are distinguished by photosynthetic pathway (C 3 versus C 4 ). As in is annually imported or exported through the inorganic nitrogen pool depending on whether VEMAP Members (1995), a single C 3 grassland parameterization was used in the application of soil organic matter is nitrogen poor or rich in comparison with the target C to N ratio of soil at TEM to both C 3 and C 4 grasslands. The VEMAP soils data set is based on the Kern the calibration site. Each grid cell in the baseline simulation is determined to have reached equilib-(1995) 10-km gridded Soil Conservation Service National Soil database (NATSGO). The data were rium when the annual fluxes of NPP, litterfall carbon (L C ) and heterotrophic respiration (R H ) aggregated to 0.5°resolution and grouped by cluster analysis to a set of 1 to 4 modal soils. The differ by less than 1 g C m−2 yr−1; those of net nitrogen mineralization (NETNMIN); litterfall first modal soil was used to represent soil properties for the grid cell. The TEM uses soil texture, nitrogen (L N ); and nitrogen uptake by vegetation (NUPTAKE) differ by less than 0.02 g characterized by the percentage of sand, silt and clay (Kittel et al., 1995; VEMAP Members, 1995) . N m−2 yr−1; and annual nitrogen inputs (NINPUT) and losses (NLOST) from the eco-Elevation data are used to affect snowmelt and therefore affect soil moisture. The elevation data system are less than 0.01 g N m−2 yr−1. To run a grid cell in transient mode, the initial values of used in this study represent an aggregation to 0.5°r esolution of the NCAR/NAVY global 10-min the pools for the grid cell are set to the December values of the equilibrium baseline solution for the elevation data set (NCAR/NAVY, 1984) .
The baseline temperature data are developed grid cell and the model is run with the temporal variation in climate and atmospheric CO 2 for the from the temperature anomalies of Jones et al. (1991) and the long-term temperatures of the transient scenario.
To apply TEM to a transient scenario, the Cramer and Leemans CLIMATE database (Cramer and Leemans, 1991; Cramer, personal nitrogen cycle can be open or closed. To run TEM with an opened nitrogen cycle, spatially-explicit communication) by the Max-Planck Institute for Meteorology. First, the monthly temperature data of nitrogen input are required. Presently, spatially explicit data of nitrogen deposition for anomalies from 1900 to 1930 were used to develop ''long-term'' monthly mean temperature anomalthe time period from 1900 to 1994 are not generally available. Thus, in this study we closed the nitro-ies. Then, the ''long-term'' mean temperature anomalies were added to the long-term monthly gen cycle during the transient simulations so that there is no nitrogen imported or exported from air temperatures of the CLIMATE database to generate the baseline temperature data. The missthe grid cell. Although no nitrogen is imported or exported, nitrogen can be redistributed between ing data were filled before interpolating to 0.5°×0.5°spatial resolution (Heimann et al. soil and vegetation during the transient simulation.
1997b). The baseline precipitation data are developed from the precipitation anomalies of Hulme (1995) 2.3. Baseline input data and the long-term precipitation data of the Cramer and Leemans CLIMATE database by the MaxThe baseline input data we used in this study are from the VEMAP data sets, with the exception Planck Institute for Meteorology. First, the monthly precipitation anomalies from 1900 to 1930 were of long-term mean temperature and precipitation. used to develop ''long-term'' monthly mean precip-to generate the baseline precipitation data. The missing data were filled before interpolating to itation anomalies. The ''long-term'' precipitation anomalies were used to develop monthly change 0.5°×0.5°spatial resolution (Heimann et al., 1997b) .
The anomalies for the baseline were restricted to ratios which were then multiplied by the appropriate monthly precipitation of the CLIMATE data the period 1900-1930 because we assumed that Tellus 51B (1999), 2 these anomalies were more characteristic of an equi-manner to the generation of the baseline precipitation data. Again, substantial variations occur in librium climate prior to 1900 than anomalies from later in the simulation period.
annual precipitation data of the resulting data set (Fig. 3c ). There are two wet periods: one is in the The VEMAP monthly mean solar radiation data (Kittel et al., 1995; VEMAP Members, 1995) are 1940s and another that extends from 1970 to 1994.
The remaining periods were relatively dry, includderived from daily solar radiation data estimated by the CLIMSIM model (Running et al., 1987 ; ing the ''Dust Bowl'' period of the 1930s. Again, the temporal pattern of interannual variations in Glassy and Running, 1994) , which uses latitude, elevation, the diurnal range of temperature, and the annual precipitation also varies across biomes (Fig. 5) . occurrence of precipitation. To generate solar radiation data, the CLIMSIM model used the elevation data set described earlier and daily temperature and 2.5. Experimental design precipitation data sets from VEMAP (Kittel et al., 1995; VEMAP Members, 1995) .
We designed a series of five experiments in this study (Table 1) to examine the sensitivity of terrestrial carbon fluxes and storage in potential 2.4. T ransient input data vegetation of the conterminous US to historical atmospheric CO 2 concentrations, air temperatures The historical mean atmospheric CO 2 concentration data used in this study (Fig. 3a) were and precipitation during the time period from 1900 to 1994. In experiment I, the atmospheric generated from ice core data and atmospheric CO 2 observations (Enting et al., 1994) . CO 2 concentrations between 1900 and 1994 were used as inputs to TEM to examine the effects of Atmospheric CO 2 concentrations increased from 296 ppmv in 1900 to 361 ppmv in 1994. For this increasing CO 2 alone on terrestrial carbon fluxes and pools. This experiment also used the longstudy, we do not consider the spatial variability of atmospheric CO 2 concentration. Thus, the same term mean temperature and precipitation data for the time period from 1900 to 1930 generated from atmospheric CO 2 concentration is used for each grid cell during each month.
the gridded historical temperature and precipitation data sets described above. In experiment II, The gridded historical temperature data (0.5°×0.5°) are developed from the temperature the historical temperatures between 1900 and 1994 were used as TEM inputs to examine the effects anomalies of Jones et al. (1991) and the long-term temperatures of the Cramer and Leemans of temperature variability alone on terrestrial carbon fluxes and pools. This experiment also CLIMATE database (Cramer and Leemans, 1991; Cramer, personal communication) in a similar used a constant atmospheric CO 2 concentration of 296 ppmv (i.e., the atmospheric CO 2 concentramanner to the generation of the baseline temperature data. In the resulting historical data set, tion at the beginning of 1900) throughout the study period, and the long-term mean precipitasubstantial interannual and decadal variations occur in annual mean temperature for the conter-tion data for the time period from 1900 to 1930 generated from the gridded historical precipitation minous US (Fig. 3b ). There are three warming periods: 1930s-1940s, 1950s and 1980s . The tem-data set described above. In experiment III, the historical precipitation between 1900 and 1994 perature data also show two distinct cooling periods: one extending from 1900 to 1930, another were used as TEM inputs to examine the effects of precipitation variability alone on terrestrial extending from 1960 to the late 1970s. The temporal pattern of interannual variations in annual carbon fluxes and pools. This experiment also used a constant atmospheric CO 2 concentration mean temperature also varies across biomes (Fig. 4) .
of 296 ppmv throughout the study period, and the long-term mean temperature data for the time The gridded historical precipitation data (0.5°× 0.5°) are developed from the precipitation period from 1900 to 1930. In experiment IV, the historical temperatures and precipitation between anomalies of Hulme (1995) and the long-term precipitation of the Cramer and Leemans 1900 and 1994 were used as TEM inputs to examine the effects of temperature and precipita-CLIMATE database (Cramer and Leemans 1991; Cramer, personal communication) in a similar tion variability on terrestrial carbon fluxes and Tellus 51B (1999), 2 (Kittel et al., 1995; VEMAP Members, 1995) . b Temperature in experiment I and III is long-term mean monthly temperature derived from gridded historical temperature data as described in text. c Precipitation in experiment I and II is long-term mean monthly precipitation derived from gridded historical precipitation data as described in text. d Atmospheric CO 2 concentration in experiment II, III and IV is 296 ppmv, which is CO 2 concentration level at the beginning of 1900 and remains unchanged during time period examined.
pools. This experiment also used a constant atmo-(IGBP) with the TEM results of simulation experispheric CO 2 concentration of 296 ppmv through-ment V to evaluate how the conversion of natural out the study period. In experiment V, we used ecosystems to cropland and urban areas affected the historical CO 2 concentrations of experiment carbon fluxes and storage in terrestrial ecosystems I, historical temperature data of experiment II and of the conterminous US. The IGBP land cover data historical precipitation data of experiment III to set was based on 1-km AVHRR data spanning April examine the combined effects of increasing atmo-1992, through March 1993, which represents the spheric CO 2 concentrations, and climate (temper-state of land cover in the early 1990s. To match the ature and precipitation) variability on carbon resolution of our other spatially-explicit data bases, fluxes and pools. All the experiments used the we aggregated the IGBP land cover data base to a VEMAP data sets described above for inputs of resolution of 0.5°longitude and 0.5°latitude by solar radiation, elevation, soil and vegetation data. calculating the percentage of cropland and urban For all five experiments, the terrestrial ecosystems areas in each 0.5°×0.5°grid cell (Fig. 6 ). Based on in the conterminous US were assumed to be in this land cover data set, we estimate that cropland equilibrium before 1900. TEM 4.1 first runs in and urban areas represent about 21% and 1%, equilibrium mode to generate the equilibrium respectively, of total land area in the conterminous baseline of carbon flux and storage using the long-US in 1992-1993. term mean monthly climate and an atmospheric
To make a first order estimate on the effects of CO 2 concentration of 296 ppmv before starting clearing natural areas for cropland and urban the transient simulation.
areas on carbon storage of the conterminous US, There is no well-accepted procedure for initializ-we assumed that the conversion of natural ecoing a transient simulation. One commonly used systems to cropland and urban areas causes the approach is to run a model to equilibrium using loss of all vegetation carbon and half of reactive long-term average or mean climate (Kindermann soil organic carbon. As most croplands cover only et al. , 1996) . An alternative approach is to run a a portion of a 0.5°grid cell, we first determine the model repeatedly with a time series of historical area of a grid cell covered by croplands and urban climate until the model reaches equilibrium. It is areas. Then, we multiply this area by the density not clear which method is preferable. We chose of vegetation carbon and one half of the density the former one.
of reactive soil organic carbon in the grid cell to determine the flux of carbon caused by human 2.6. Evaluating eVects of clearing for cropland and disturbance. Since our approach does not account urban areas on carbon storage for time series of land-use change, our analysis does not include the effect of abandoned croplands We used the recent global land cover data of the International Geosphere-Biosphere Program and forest regrowth on carbon storage.
Tellus 51B (1999), 2
Fig. 6. The extent of cropland and urban areas in the conterminous US in 1992-1993. This dataset represents the relative area of cropland and urban areas in a grid cell with a resolution of 0.5°longitude×0.5°latitude. The dataset was derived from the IGBP global land cover dataset (Loveland and Belward, 1997) , which was based on 1-km AVHRR data spanning April 1992 through March 1993.
Results
increases by 4.5 Pg C (4.4%) over the past 95 years, with 3.5 Pg C stored in vegetation and 1.0 Pg C stored in soil organic matter (Table 2) . Based on the TEM equilibrium simulation, we suggest that the baseline for both annual NPP Total carbon storage increases across all biomes in the conterminous US as a result of CO 2 fertilizaand annual R H for potential vegetation in the conterminous US before 1900 was 3298×1012 g C tion. The increases varied from +1.7% in cool temperate mixed forest to +13.8% in subtropical (Tg C) yr−1. The baseline for total carbon storage was 103×1015 g C (Pg C); 58 Pg C in vegetation arid shrubland (Table 3 ). The biomes that increased carbon storage by more than +10% and 45 Pg C in reactive soil organic matter (Table 2) . In this analysis, we did not include include temperate mixed xeromophic forest, temperate conifer xeromophic forest, warm biologically unreactive soil carbon, which was estimated to be 40% of total soil organic carbon temperate/subtropical mixed savanna, mediterranean shrublands and subtropical arid shrublands. . With this baseline, we then investigated the transient Version 4.1 of TEM predicts that these biomes are very responsive to increasing atmospheric CO 2 effects of CO 2 fertilization, climate variability and their combination on terrestrial carbon storage.
because the enhancement of intercellular CO 2 is greater under dry conditions, which causes higher rates of carbon assimilation (Pan et al., 1998) . 3.1. T ransient eVect of CO 2 fertilization This mechanism is consistent with the observation of enhanced water use efficiency in empirical studIn response to historical atmospheric CO 2 concentration alone (experiment I), the TEM simula-ies (Bazzaz, 1990; Mooney et al., 1991) . Other biomes are less responsive to increasing atmotion indicates that the total carbon storage in potential vegetation of the conterminous US spheric CO 2 concentration. In version 4.1 of TEM, all grasslands are para-carbon storage for potential vegetation in the conterminous US over the past 95 years (Table 2) . meterized as C 3 grasses. The carbon storage response of these grasslands is less than 4%. The Although most biomes showed a decrease in total carbon storage, the range in biome response was modest response occurs because TEM predicts that the production responses of grasslands to quite small, and varied from −4.7% in temperate coniferous xeromophic forest to +1.2% in warm elevated CO 2 are substantially limited by nitrogen availability in addition to water availability. temperate/subtropical mixed forest (Table 3) .
Biomes had different responses over the simulation Because of nitrogen limitation, grasslands do not substantially benefit from increased water use period because of different sensitivities to changes in temperature and because efficiency.
The continuous increase in carbon storage for of spatial variation in the temporal pattern of temperature (Fig. 4) . potential vegetation in the conterminous US between 1900 and 1994 is a consequence of the The interannual patterns of both NPP and R H show substantial year-to-year fluctuations (Fig. 8 ), lagged response of R H to increasing atmospheric CO 2 concentration in relation to NPP (Fig. 7 , which are associated with interannual and decadal temperature variations over the study period also see Kicklighter et al., 1999) . Thus, relatively more carbon is stored in (Figs. 3b, 4) . In response to these temperature variations, the balance between annual NPP and terrestrial ecosystems each year as atmospheric CO 2 concentration increases. For the contermin-annual R H changes to cause periods when the terrestrial ecosystems of the US are sources of ous US, the overall increases of annual NPP and annual R H during 1900-1994 are +6.7% and atmospheric carbon (i.e., negative NEP) and other periods when these ecosystems are carbon sinks +3.9%, respectively. The difference between NPP and R H, also known as net ecosystem production (i.e., positive NEP). Higher temperatures in the 1930∞s, for example, induced a larger increase in or NEP, shows a continuous increase over time, with a large growth rate of NEP since the late annual R H than annual NPP so that the terrestrial ecosystems of the US were losing carbon to the 1960s. For the 1980s, the TEM simulation indicates that the effects of CO 2 fertilization on carbon atmosphere. Conversely, relatively lower temperatures in the period of 1900-1920 reduced annual storage to be 113 g C m−2 yr−1 for potential vegetation in the conterminous US.
R H such that NPP was greater than R H and terrestrial ecosystems of the US were gaining carbon. Although the overall change in carbon 3.2. T ransient eVect of temperature variability storage of potential vegetation was small, interannual and decadal variations in carbon fluxes were Based on the TEM simulation, we conclude that temperature variability alone (experiment II) substantial (Fig. 8) . The net carbon flux for potential vegetation in the conterminous US varied has not induced a substantial change in total temperature indicates that the direct effects of temperature on R H tend to predominate over the For potential vegetation of the conterminous US, increases in temperature tend to increase effects of temperature in decreasing M V . Because the continental-scale NPP is very NPP, R H , net nitrogen mineralization (NMIN), and EET, but tend to decrease volumetric soil highly correlated with GPP, defined as total carbon capture in photosynthesis (R=0.94, moisture (M V ) (Fig. 9) . Although the variability explained by temperature is much higher for R H P<0.0001, N=95) over the simulation period, the response of NPP to temperature can be inter-( Fig. 9 ; R=0.84, P<0.0001, N=95) than for NPP ( Fig. 9 ; R=0.38, P=0.0002, N=95), the preted in the context of GPP responses to temperature. The fact that the variability in NPP variability in responses is approximately the same for NPP and R H (Figs. 8, 9 ; NPP: standard devi-explained by temperature is low indicates that the interaction among temperature and processes ( Fig. 10; R=0 .62, P<0.0001, N=95) indicate that the positive response of NPP to increased influencing GPP is complex. The positive response of NPP indicates that the direct response of GPP temperature occurs primarily through higher rates of decomposition that enhance nitrogen availabilto increased temperature and the effect of temperature in increasing nitrogen availability tend to be ity through increased NMIN.
It should be noted that the correlation analyses stronger than the effects of temperature in decreasing soil moisture. The variability in the response conducted here did not explicitly consider the possible effect of temporal autocorrelation. To of NPP is primarily explained by variability in NMIN ( Fig. 10; R=0 .88, P<0.0001, N=95), explore the potential importance of the autocorrelation issue for our conclusions, we performed although NPP is also correlated with EET ( Fig. 10; R=0 .52, P<0.0001, N=95). The tight autocorrelation analyses for the major variables over the 95-year time period. We found no meancoupling between NPP and NMIN, and the correlation between the response of NMIN and R H ingful autocorrelation. Therefore, we conclude that the highly significant correlations we have found US varied from a maximum source of atmospheric CO 2 (1.8 Pg C yr −1) in 1936 to a maximum sink demonstrate strong associations between important biogeochemical variables at the continental of atmospheric CO 2 (1.0 Pg C yr−1) in 1957 (Fig. 11) . These interannual variations in net level.
carbon flux are 3 to 6 times greater than comparable fluctuations caused by historical temperature 3.3. T ransient eVect of precipitation variability variability. Since the early 1970s, the climate of the conterminous US has tended to be wet. Annual In response to historical precipitation variability alone (experiment III), the TEM simulation indi-NPP in most years of the past two decades was greater than annual R H so that terrestrial ecocates that total carbon storage in potential vegetation of the conterminous US decreased by 9.7 Pg C systems in the conterminous US, as represented by potential vegetation, have recently been a sink (9.5%); a 5.2 Pg C (8.9%) decrease in the vegetation carbon, and a 4.6 Pg C (10.2%) decrease in of atmospheric CO 2 . For the conterminous US, increases in precipitathe soil organic carbon ( Table 2 ). The responses of total carbon storage among biomes ranged tion are: (1) strongly associated with increases in EET and M V (2) moderately associated with from −2.1% in temperate coniferous savanna to −28.2% in warm temperate/subtropical mixed increases in NPP and NMIN; and (3) weakly associated with increases in R H (Fig. 12 ). The savanna (Table 3) . Biomes had different responses because of different sensitivities to changes in precipitation sensitivity of NPP was much higher than the precipitation sensitivity of R H (Figs. precipitation as well as spatial variation in the temporal pattern of precipitation 11, 12). In comparison to the temperature sensitivity of NPP, the variability of NPP responses to (Fig. 5) . For example, temperate deciduous forest and warm temperate/subtropical mixed forest had historical precipitation was much higher (compare Figs. 8, 11 ; temperature: standard deviation= a substantial decrease in total carbon storage because of more frequent decreases in precipitation 0.10 Pg C; precipitation: standard deviation= 0.49 Pg C). In contrast, the variabilility in R H (Fig. 5) . For similar reasons, temperate deciduous savanna and warm temperate/subtropical mixed responses is approximately the same for historical temperature and precipitation (temperature: savanna had larger decreases in total carbon storage than temperate conifer savanna. standard deviation=0.08 Pg C; precipitation: standard deviation=0.08 Pg C). Thus, the high Between 1900 and 1994, terrestrial ecosystems in the conterminous US experienced substantial interannual variability in NEP responses to historical precipitation is primarily caused by the high variability in precipitation (Figs. 3c, 5) . NPP was clearly more sensitive to changes in precipitation sensitivity of NPP to historical precipitation variability. than R H (Figs. 11, 12 ). Substantial decreases in precipitation occurred in the 1930s and 1950s.
Because the continental-scale NPP is very highly correlated with GPP (R=0.99, P<0.0001, During these periods of sustained low precipitation, terrestrial ecosystems are sources of atmo-N=95) over the simulation period, the response of NPP to precipitation can be interpreted in the spheric CO 2 . In contrast, during wet years such as 1957, terrestrial ecosystems are a sink of atmo-context of GPP responses to precipitation. The response of NPP to increasing precipitation is: spheric CO 2
. As a result of interannual precipitation variability, the net carbon flux estimated by (1) very tightly coupled with NMIN ( Fig. 13 ; R= 0.89, P<0.0001, N=95); (2) moderately coupled TEM for potential vegetation in the conterminous with EET ( Fig. 13; R=0 .52, P<0.0001, N=95); controlling production, although EET, which influences canopy conductance and canopy inter-(3) and weakly coupled with M V (Fig. 13 , R= 0.34, P=0.0006, N=95). These analyses indicate cellular CO 2 , also plays an important role. In addition, EET also influences leaf phenology to that nitrogen availability is the dominant process affect NPP. The weaker correlation of NPP with 3.5. T ransient eVect of climate variability and M V probably occurs because increases in soil increasing atmospheric CO 2 moisture influence NMIN by simultaneously
In response to a combination of historical teminfluencing both gross nitrogen mineralization and perature, precipitation and atmospheric CO 2 connitrogen immobilization; NMIN is moderately centration (experiment V), TEM estimates that correlated with increases in M V (R=0.52, for the period 1900-1994, total carbon storage in P<0.0001, N=95).
potential vegetation of the conterminous US decreased by 4.3 Pg C (4.2%), with a 1.1 Pg C (1.9%) decrease in vegetation carbon and a 3.2 3.4. T ransient eVect of climate variability (7.2%) decrease in soil organic carbon (Table 2) .
Our factorial experiments indicate that historical In response to a combination of historical air precipitation variation over the past 95 years was temperature and precipitation (experiment IV), primarily responsible for the loss of carbon stor-TEM estimated that changes in vegetation carbon, age. The effect of CO 2 fertilization increased soil organic carbon and total carbon storage for carbon storage by 5.3 Pg C (4.4%), but it did not potential vegetation in the conterminous US over compensate completely for the climate-induced the past 95 years were very similar to the responses carbon loss. The overall response of carbon storof carbon storage to historical precipitation age to a combination of the three factors is not (Table 2) . Because simulated NPP is substantially completely explained by simply adding together more sensitive to changes in precipitation than to the individual effects attributed to CO 2 fertilizachanges in temperature, the interannual patterns tion, temperature and precipitation variations. The of NPP and NEP for the combination of historical interactions among historical atmospheric CO 2 , temperature and precipitation were also very simtemperature and precipitation accounted for an ilar to the patterns for historical precipitation additional 1.2 Pg C carbon storage, with 0.9 Pg C alone. stored in vegetation carbon and 0.3 Pg C stored The combined effects of changes in air temperin soils. ature and precipitation are similar to those
The timing and magnitude of annual NPP and resulting from precipitation alone; that is, annual R H in response to the combination of decreases in precipitation lead to decreases in climate and CO 2 are very similar to those observed carbon storage (Table 3 ). In tundra, the combinain experiment III, where only precipitation was tion of historical temperature and precipitation allowed to change over the study period (Fig. 14) . variability caused twice as much carbon to be Thus, in the combined experiment, precipitation released as the response for historical precipitation explains most of interannual variability in NPP. variability alone because carbon storage in tundra Interannual variability in NPP and R H led to is about equally sensitive to historical temperature substantial interannual variability in net carbon and historical precipitation variability (Table 3) . exchange between the atmosphere and terrestrial In other biomes such as warm temperate/subtropecosystems, as represented by potential vegetation, ical mixed forest, less carbon is released because with a maximum carbon release of 1.8 Pg C yr−1 temperature variability tended to increase carbon in 1936 and a maximum carbon uptake of storage in this biome (Table 3 ) and partially com-1.1 Pg C yr−1 in 1957 (Fig. 14) . Before 1960, the pensated the carbon losses caused by precipitation variability.
TEM results indicate that terrestrial ecosystems in the conterminous US tended to be a source of mate variability and increasing CO 2 , total carbon storage of potential vegetation decreased in most atmospheric CO 2 . Since 1960, terrestrial ecosystems of the conterminous US have been a biomes (Table 3 ). The largest relative decreases in carbon storage occurred in warm temperate/subcarbon sink because of a wetter climate and the growth of atmospheric CO 2 concentration. tropical mixed savanna (−13%) and temperate deciduous savanna (−12.3%) because of more In response to a combination of historical cli- Tellus 51B (1999), 2 frequent decreases in precipitation as well as the rium simulations of TEM for contemporary climate, there are strong correlations between sensitivity of these biomes to dry weather (Fig. 5) . Carbon storage has increased in five biomes. These spatial changes in NPP, NMIN and EET . Although our study increases, which ranged from +0.6% in Mediterranean shrubland to +4.8% in temperate indicates that there are also significant correlation between temporal changes in NPP, NMIN conifer savanna, were caused by low variation in rainfall and the benefits of increased water use and EET, the correlations among temporal changes in these estimates are not as strong as efficiency associated with elevated CO 2 in these dry biomes. All biomes show a general increase in the correlation among spatial changes. One possible reason for the difference in the strength NEP since 1960 (Fig. 15) . Interannual variability in NEP differs across biomes. For example, NEP of the correlations is that interannual variations in NPP, NMIN and EET associated with in temperate deciduous forest was more variable than in other forest biomes. In temperate decidu-historical temperature and precipitation are less than spatial variations in NPP, NMIN and EET ous savanna and warm temperate/subtropical mixed savanna, NEP was more variable than in associated with contemporary, i.e., long term, temperature and precipitation. temperate conifer savanna.
The carbon dynamics of a few biomes have a large influence on the overall changes in carbon 3.6. EVects of clearing for cropland and urban storage of terrestrial ecosystems in the conterminareas ous US during the time period from 1900 to 1994. The largest decreases in carbon storage occurred
In the analyses above, we have addressed the response of potential terrestrial ecosystems to chanin temperate deciduous forest (about −1.5 Pg C) and temperate deciduous savanna (about ging climate and atmospheric CO 2 concentration in order to establish a basic understanding of the −1.5 Pg C). These two biomes together represent 70% of the total loss in carbon storage for the processes controlling C storage in natural ecosystems. Land-use change in the past, however, has conterminous US.
Similar to the positive correlation among substantially modified land ecosystems in the conterminous US (Burke et al., 1995; Turner et al., temporal changes in NPP, NMIN, and EET for the conterminous US, NPP, NMIN, and EET 1995; also see Fig. 6 ). Based on the contemporary distribution of cropland and urban areas (Fig. 6 ), are correlated for the aggregation of forest, savanna, and grassland vegetation types we estimate that natural ecosystems in the conterminous US lost a total of 17.7 Pg C as a result of (Fig. 16) . In each of these generalized vegetation types, NPP and NMIN are very tightly coupled: cropland expansion and urbanization, including the loss of 12.9 Pg C of vegetation carbon and 4.8 Pg C forests (R=0.83, P<0.0001, N=95); savanna (R=0.90, P<0.0001, N=95) and grassland of reactive soil organic carbon (Table 4) . Almost 93% of the reduction in carbon storage was due to (R=0.96, P<0.0001, N =95). Although NPP and EET are moderately correlated in each of the clearing of natural ecosystems for cropland. The effect of urbanization on carbon storage was small. these three generalized vegetation types, the correlation is stronger in savanna (R=0.62, If we assume that carbon does not accumulate in cropland and urban areas, net ecosystem pro-P<0.0001, N=95) than forest (R=0.49, P<0.0001, N =95) and grassland (R=0.47, duction in the conterminous US in 1992-1993 is decreased by 69.0 Tg C yr−1 (Table 4) . This means P<0.0001, N =95). Similarly, the correlation between NMIN and EET is stronger in savanna that the carbon storage capacity of contemporary ecosystems in the conterminous US is about half (R=0.71, P<0.0001, N=95) than forest (R= 0.57, P<0.0001, N=95) and grassland (R= of that estimated for potential vegetation, 138.1 Tg C yr−1 for 1992-1993. Carbon storage 0.52, P<0.001, N=95). In the VEMAP equilib- capacity in contemporary ecosystems, however, estimated to be 69 Tg C yr−1, which is about 69% of net ecosystem production (100.1 Tg C yr−1) for appears to have varied annually due to interannual climate varibility. The mean of net ecosystem potential vegetation over the time period from 1980 to 1994. production in contemporary ecosystems has been period, or 55% of the total carbon accumulation periods of sustained low precipitation including for the decade. During the 1980s, grasslands, shruthe ''Dust Bowl'' in the 1930s. If correct, the loss blands and savannas accumulated 14.3 Tg C yr−1, of terrestrial carbon from natural ecosystems asso-12.0 Tg C yr−1, and 8.9 Tg C yr−1, which represciated with climate variability over the past 95 ent 18%, 15% and 11%, respectively, of the years in the conterminous US has contributed decadal carbon accumulation. to historical increases in atmospheric CO 2 Recent reviews of the global carbon budget concentration.
indicate that four factors can lead to increased The TEM simulations also indicate that historcarbon storage in terrestrial ecosystems: CO 2 fertical changes in temperature and precipitation have ilization, climate effect, nitrogen deposition and caused substantial interannual variability in the mid-and high-latitude forest regrowth following net exchange of carbon between terrestrial ecoharvest (Schimel, 1995; . Turner systems and the atmosphere in the conterminous et al. (1995) used forest inventory data to estimate US. In years with low precipitation, terrestrial that forests of the conterminous US accumulated ecosystems tend to be carbon sources to the 79 Tg C yr−1 during the 1980s. The forest inventatmosphere. Interestingly, both the El Niñ o years ory approach provides an estimate of carbon of 1982/1983 and 1986/1987 and the La Niñ a year storage changes from all causes including forest of 1988 exhibit dry growing season periods for growth responses to changes in climate and atmomuch of the US. During El Niñ o and La Niñ a spheric CO 2 , forest regrowth following disturbphases, the conterminous US appears to be a ances, and forest growth responses to nitrogen source of carbon to the atmosphere.
deposition (Houghton, 1996) . Our estimate of The TEM simulations lead us to suggest that 43.0 Tg C yr−1 accumulated in forests in response natural terrestrial ecosystems have acted primarily to climate variability and increasing atmospheric as a sink of atmospheric CO 2 as a result of wetter weather and higher CO 2 concentrations in recent CO 2 during the 1980s, which represents 54% of the Turner et al.'s estimate of net carbon storage, higher temperatures. These differences in the sensitivity of photosynthesis and respiration to tempersuggests that ecosystem responses to changes in climate and CO 2 are a substantial component of ature have been used to support the argument that global warming may result in a reduction in net historical changes in carbon storage. The role of changes in climate and CO 2 in the carbon budget, carbon uptake by plants (Woodwell, 1995) . For historical temperature variability in the however, can vary annually due to interannual variability in climate and CO 2 growth rate. In the conterminous US, increases in temperature are associated with simulated increases in primary following sections, we further discuss the relationship of our results to the four factors: CO 2 fertiliza-production, decomposition, net nitrogen mineralization and evapotranspiration, but are assocition, climate effect, nitrogen deposition and forest regrowth following harvest.
ated with slight decreases in soil moisture. The high correlation between decomposition and temperature suggests that the temperature sensitivity 4.2. EVects of CO 2 fertilization on carbon storage of decomposition is stronger than the indirect effects of temperature on decomposition by As the atmospheric concentration of CO 2 increases, plants may increase their uptake of decreasing soil moisture. Because the simulated changes in continental-scale soil moisture were carbon, which may increase terrestrial carbon storage. For the conterminous US, our simulations very small, it is not clear if decomposition would be more sensitive to changes in soil moisture indicate that terrestrial responses to increasing atmospheric CO 2 during the past 95 years com-associated with larger temperature variability. In our simulations, production tends to increase with pensates for nearly half of the losses in carbon storage caused by climate variability alone. On temperature because higher rates of decomposition enhance nitrogen availability through the global scale, terrestrial ecosystem response to increasing atmospheric CO 2 accounts for a 0.5 increased net nitrogen mineralization. Thus, in TEM, the temperature sensitivity of decomposito 2.0 Pg C yr−1 carbon sink during the 1980s . Other studies also indicate tion plays an important role in the response of plant production through the dynamics of the that CO 2 fertilization represents an important part of carbon storage in terrestrial ecosystems nitrogen cycle. Increases in nitrogen availability caused by warmer temperatures have also been (Gifford, 1993; Friedlingstein et al., 1995; Post et al., 1997; Kicklighter et al., 1999) . The responses shown in field experiments (Peterjohn et al., 1994 , Melillo et al. 1995a ) and other modeling studies of TEM to increasing atmospheric CO 2 indicate that nitrogen availability represents a major con- (Schimel et al., 1996b) . The consideration of carbon and nitrogen feedback will be a necessary straint on the ability of terrestrial ecosystems to incorporate elevated CO 2 into production component in assessments of carbon storage response to global warming. Melillo et al., 1993; Pan et al., 1998; Kicklighter et al., 1999) . Relative Moisture availability influences production and decomposition in many ways . responses tend to be greatest in dry ecosystems like arid shrublands which are more limited by Drought stress increases stomatal closure to decrease the internal concentration of CO 2 within water availability than by nitrogen availability Pan et al., 1998) .
leaves (Bazzaz, 1990; Mooney et al., 1991) . Drought stress also influences the phenology of vegetation (Raich et al., 1991) to affect production.
EVects of temperature and precipitation
In addition, soil moisture influences decomposivariability on carbon storage tion, gross nitrogen mineralization, nitrogen immobilization, and nitrogen uptake by vegetaThe processes of photosynthesis and plant respiration have different sensitivities to temperature. tion. For the historical period from 1900 to 1994, our simulations indicate that NPP was substanFor many mid-latitude plants, the response of photosynthesis to temperature is initially rapid tially more sensitive to precipitation variability than R H. Although decreases in precipitation were above 0°C, but saturates over a wide range of temperatures. In contrast, plant respiration rates tightly coupled to decreases in evapotranspiration and soil moisture, NPP was most sensitive to tend to be low below 20°C, but increase rapidly at changes in net nitrogen mineralization, and was can release substantial amounts of carbon to the atmosphere through the loss of carbon from both more sensitive to changes in evapotranspiration vegetation and soils. For the conterminous US than to changes in soil moisture. Our results also during the period from 1980 to 1994, we estimate indicate that interannual variability in temperthat the historical conversion of natural ecosystems ature and precipitation is relevant in assessments to cropland and urban areas could cause a 31% of of carbon storage to projected climate change. In reduction in net ecosystem production. We have addition, in order to fully assess the effect of estimated that natural ecosystems in the conterminclimate variability on carbon storage, we should ous US lost a total of 17.7 Pg C as a result of take into account temporal variability in solar cropland expansion and urbanization since settleradiation. Data sets to do this kind of analysis are ment times. The TEM analysis shows that climate only now becoming available (Kittel et al., 1997) .
variability, coupled with increased atmospheric CO 2, caused a 4.3 Pg C decrease in the contermin-4.4. EVects of nitrogen deposition on carbon ous US over the 95 years. Our analysis indicates storage that land-use change has been a major factor in determining carbon storage in the conterminous Nitrogen deposition from fertilizers and oxides of US. However, this first order analysis does not nitrogen released from the burning of fossil fuel evaluate how changes in vegetation structure associduring the 1980s is estimated to amount to a global ated with changes in land use and agricultural total of 0.05-0.08 Pg N yr−1 .
intensification have affected carbon dynamics of Forests in eastern North America receive up to terrestrial ecosystems in the conterminous US. 17 kg N ha−1 yr−1 (Melillo et al., 1989) . Many ter-
The fate of cleared lands is another factor that restrial ecosystems in middle and high latitudes are affects carbon fluxes and storage (Melillo et al., nitrogen limited (Melillo and Gosz, 1983; Vitousek 1988; Dixon et al., 1994; Kurz and and Howarth, 1991, Melillo et al., 1995b; Schimel, Apps, 1995; Tian et al., 1995; Turner et al., 1995; 1995) . In general, nitrogen inputs should enhance Brown et al., 1996; Houghton, 1996) . Many forests terrestrial carbon storage (Melillo and Gosz, 1983;  and woodlands in the northeast of the US had been Schindler and Bayley, 1993; Hudson et al., 1994;  converted to croplands and pastures in the last Schimel et al., 1994; Galloway et al., 1995; century, but those croplands and pastures have been et Holland et al., 1997) , but it is also abandoned and returned to forests since the early possible that chronic high inputs of nitrogen may part of this century (Foster, 1992) . Terrestrial ecocause terrestrial ecosystems to lose carbon (Aber systems following disturbances may be in various et al., 1993) . To assess the effects of nitrogen deposstages of succession. This complexity in the path ition in a geographically specific manner, large-scale and direction of vegetation succession following ecological models require spatially explicit data sets human and natural disturbances (Bormann and of nitrogen deposition. Several efforts are Likens, 1979; Pickett and White, 1985; Qi, attempting to develop spatially explicit data sets of 1990) may also interact with changes in atmospheric nitrogen deposition for the ecological modeling CO 2 and climate variability to influence the temcommunity (Holland et al., 1997) . As a database poral dynamics of carbon fluxes and pool sizes containing a time series of nitrogen deposition was (Pastor and Post, 1986; Solomon, 1986 ; Smith and not available for our transient analyses, we ran the Shugart, 1993). Thus, to improve our understanding model with a closed nitrogen cycle; that is, we did of terrestrial carbon dynamics in response to channot attempt to estimate the effects of nitrogen depos-ging climate and atmospheric chemistry, changes in ition on carbon storage in this analysis. This can vegetation structure must be incorporated into a bias the estimates of carbon storage either high or framework of transient ecosystem dynamics (Smith low depending on the nature of the interannual and Shugart, 1993 , Woodward et al., 1995 , Pitelka climate variations. et al., 1997 , Tian et al., 1998b .
EVect of land-use change on carbon storage 4.6. T he validation and verification of the model
Our analyses have shown that the conversion of In our earlier work with TEM we have attempted to check the model results against several types of natural ecosystems to cropland and urban areas field measurements. One of our approaches has ecosystems have acted primarily as a sink of atmospheric CO 2 for the past three decades. been to check TEM output against field-derived NPP measured across the globe. We found the The conversion of some of the nation's natural ecosystems to croplands and urban areas has comparisons to be reasonable (Raich et al., 1991; McGuire et al., 1992; Melillo et al., 1993) . Another reduced the year-to-year capacity of land ecosystems to store carbon. For the fifteen years from approach has been to check NEP derived from TEM against NEP estimates based on measure-1980 to 1994, the average annual reduction was 31% (31 Tg). In addition to considering land use, ments made with the eddy covariance technique. We recently did this for three sites in the Amazon a detailed assessment of the capability of terrestrial ecosystems to sequester atmospheric CO 2 needs Basin and found that the TEM estimates for NEP for two tropical forest sites and one savanna site to account for various aspects of CO 2 fertilization, climate, nitrogen deposition and forest regrowth. were close to the measurements (Tian et al., 1998a ).
The TEM model was originally developed by us using much of the carbon and nitrogen cycling data available for ecosystems in the US. For 6. Acknowledgments example, the Harvard Forest data on NPP and NEP measured by the eddy covariance technique This work was funded by the Electric Power Research Institute and the National Aeronautics have been used in our model development efforts. We need new data to check how well TEM and Space Administration (NAGW-714) as a contribution to the Vegetation/Ecosystem Modeling performs for ecosystems in the US.
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Conclusions 7. Appendix
We have explored how climate variability and increasing atmospheric CO 2 concentration in the Carbon exchange between terrestrial ecosystems and the atmosphere depends on gross primary past century may have affected the carbon fluxes and storage of terrestrial ecosystems in the conter-production (GPP), autotrophic respiration (R A ), and heterotrophic respiration (R H ). Here, we prominous US. Our results show that net carbon exchange between the atmosphere and the terrest-vide additional details of the algorithms and feedbacks associated with GPP, R A , and R H that are rial ecosystems of the conterminous US exhibits substantial year-to-year variability. This variabil-influenced by changes in atmospheric CO 2 , temperature, and precipitation. We also provide ity in net carbon storage is primarily related to the sensitivity of NPP to the interannual variabil-details of model modifications that were incorporated in version 4.1 of TEM. ity in precipitation. Thus, regional estimates of net carbon exchange based on single year measurements must be viewed cautiously.
7.1. Gross primary production Our results also indicate that net carbon exchange between the atmosphere and terrestrial
The flux GPP considers the effects of several factors and is calculated at each monthly time ecosystems in the conterminous US exhibits decadal variations. At a century time scale, the poten-step as follows: tial terrestrial ecosystems in the conterminous US GPP=C max
, acted as a source of atmospheric CO 2 primarily due to drought stress. However, these terrestrial where C max is the maximum rate of C assimilation, PAR is photosynthetically active radiation, LEAF increases from 0-1 with increasing water availability and depends on the ratio of EET to PET: is leaf area relative to maximum annual leaf area (phenology), T is temperature, C a is atmospheric CO 2 concentration, G v is relative canopy conduct-G v =−10 (EET/PET)2 EET/PET∏0.1
+2.9(EET/PET)
G v =0.1+0.9 (EET/PET) EET/PET>0.1.
ance, and NA is nitrogen availability. Nitrogen availability also influences the ability of vegetation to incorporate elevated CO 2 into production (Pan The different form of G v below an EET/PET of et al. . In version 4.1 0.1 allows G V to be 0.0 in extremely arid regions. of TEM, elevated atmospheric CO 2 decreases Because G V depends on the ratio of EET to PET, the nitrogen concentration of vegetation to influ-the response of f (C a , G v ) to doubled CO 2 is higher ence both nitrogen requirement of production in dry environments Pan and decomposition (McGuire et al., 1997). et al., 1997) . Decreasing moisture availability is Temperature directly influences f (T), indirectly assumed to increase stomatal closure, thereby influences f (LEAF) and f (C a , G V ) through effects decreasing the internal CO 2 concentration. This on estimated evapotranspiration as well as poten-relationship is based on the tight correlation found tial evapotranspiration, and indirectly influences between transpiration rates and CO 2 assimilation nitrogen availability through effects on the rates (Chang, 1969; Kramer, 1983) . The value of the of nitrogen uptake, decomposition, and net parameter k c , 400 ppmv, has been chosen to nitrogen mineralization. Precipitation influences increase f (C a , G v ) by 37% for a doubling of atmof (LEAF) and f (C a , G V ) through effects on estim-spheric CO 2 from 340 ppmv to 680 ppmv for ated evapotranspiration and influences nitrogen maximum relative canopy conductance, that is, availability through soil moisture effects on the G v =1 (McGuire et al., 1992 . rates of nitrogen uptake, decomposition, and net Temperature and precipitation influences nitrogen mineralization.
f (LEAF) through effects on EET. In TEM, water The effects of elevated atmospheric CO 2 directly availability influences the phenology of vegetation affect GPP altering intercellular CO 2 in f (C a , G V ). through f (LEAF) as follows: Temperature also influences this function by effects LEAF j =a(EET j /EET max )+b(LEAF j−1 )+c, on potential evapotranspiration (PET), and both temperature and precipitation influence this function by effects on estimated evapotranspiration
The response of GPP to atmospheric CO 2 is affected by three aspects of leaf-level carbon assimilation: carboxylation, light harvest and car-where EET max is the maximum EET occurring bohydrate synthesis (Farquhar et al., 1980 ; during any month j; a, b and c are regressionWullschleger, 1993; Pettersson and McDonald, derived parameters; min is the minimum value of 1994; Sage, 1994). The assimilation-intercellular relative photosynthetic capacity for a biome and CO 2 (A-C i ) relationship is the empirical observa-LEAF max refers to the maximum predicted LEAF tion of carboxylation-limited, light-limited, and for a specific location (Raich et al., 1991) . synthesis-limited assimilation over the range of Temperature also influences GPP through intercellular CO 2 (Wullschleger, 1993; Sage, 1994) . effects of the function f (T ): In TEM, the A-C i relationship is modeled with a hyperbolic relationship that collectively represents the mechanisms of carbon assimilation in the function f (C a , G v ): where T is the mean monthly air temperature and (°C), T min and T max are the maximum and minimum constraints for GPP, and T optmin and T optmax represent the range of temperature for optimal carbon uptake. The values of T min and
T max are set so that they represent the monthly growing-season limits of the vegetation type. To allow for local temperature adaptation/ acclimation, T optmin is defined by the mean where Pcn is the C to N ratio of production, monthly air temperature that corresponds to the NUPTAKE is nitrogen uptake, NMOBIL is nitromonth of maximum leaf area. The temperature gen mobilized from the vegetation labile nitrogen T optmax is generally set to be approximately 1°C pool, and R A is autotrophic respiration. less than T max . On first inspection, these algorithms would Changes in atmospheric CO 2 , temperature, appear to completely constrain the response of and precipitation influence nitrogen availability NPP to elevated CO 2 in nitrogen limited systems. in a number of ways. In version 4.1 of TEM, However, it is important to recognize that there elevated atmospheric CO 2 also decreases the is seasonality in the degree of nitrogen limitation. nitrogen concentration of vegetation to influence Nitrogen is generally in greatest supply early in both nitrogen requirement of production and the growing season when vegetation is able to decomposition. Temperature influences nitrogen mobilize nitrogen from storage. In this case, the availability through effects on the temperaturevegetation in TEM is able to incorporate elevated sensitive rates of nitrogen uptake, decomposiintercellular CO 2 into production. Higher levels tion, and net nitrogen mineralization. Both of production cause greater litterfall to cause temperature and precipitation influence nitrogen higher rates of decompostion and higher rates of availability through soil moisture effects on the nitrogen cycling. One consequence of greater rates of nitrogen uptake, decomposition, and net nitrogen cycling is higher rates of nitrogen uptake. nitrogen mineralization. The degree to which Thus, elevated CO 2 alters the seasonal pattern of these effects on nitrogen availability influence carbon-nitrogen status in the vegetation of TEM GPP depends on the carbon-nitrogen status of to influence production. the vegetation.
Elevated CO 2 also influences carbon-nitrogen In TEM, the carbon-nitrogen status of the status of the vegetation by altering the nitrogen vegetation influences the calculation of GPP concentration of vegetation , through the feedback of nitrogen availability on 1997). Experimental studies that have measured carbon assimilation. This feedback, which is rep-the response of tissue nitrogen concentration in resented by f (NA), is determined by the status of plants exposed to elevated CO 2 usually do not nitrogen supply which is the sum of nitrogen identify whether the measurements represent uptake (NUPTAKE) plus nitrogen mobilized from changes in new production or overall vegetation the vegetation labile nitrogen pool (NMOBIL). biomass. Therefore, we altered the parameters in The feedback represented by f (NA) is dynamically TEM that control vegetation carbon to nitrogen determined by comparing the calculation of GPP ratio ( Vcn; see Raich et al. (1991) ) and the producbased on nitrogen supply and the calculation of tion carbon to nitrogen ratio (Pcn, see McGuire GPP for no constraints of nitrogen supply (GPP P ) et al. (1992) ). We make the assumption of a linear as follows:
15% decrease in nitrogen concentration associated with a 340 ppmv increase in atmospheric CO 2 . Because nitrogen concentration is inversely related to carbon to nitrogen ratio, we modified Vcn and Pcn as fol- regressed the ln(K r ) against C V to determine K ra and then determined K rb for each vegetation type In TEM, the flux R A represents total respiration (excluding photorespiration) of living vegetation, by forcing the relationship through the version 4.0 K r value of the vegetation type. including all CO 2 production from the various processes of plant respiration, nutrient uptake, and biomass construction. In TEM, R A is the sum 7.3. Heterotrophic respiration of growth respiration, R g , and maintenance respiration, R m . Growth respiration is estimated to In TEM, decomposition is represented as heterotrophic respiration (R H ): be 20% of the difference between GPP and maintenance respiration (Raich et al., 1991) . Changes R H =K d C S f (M V ) e0.0693T, in atmospheric CO 2 , temperature, and moisture influence growth respiration through effects on where K d is the heterotrophic respiration rate at 0°C, C S is carbon storage in soils, f (M V ) is a GPP. Temperature also influences growth respiration through effects on maintenance respiration. function defining the influence of volumetric soil moisture on decomposition, and T is mean We model maintenance respiration as a direct function of plant biomass (C V ) as follows: monthly air temperature. In TEM, R H is the only loss calculated from the detrital compartment C S , R m =K r (C V ) erT, which is an aggregated pool of organic carbon in detritus and soils. In version 4.1, changes in atmowhere K r is the per-gram-biomass respiration rate of the vegetation at 0°C, C V is the mass of carbon spheric CO 2 influence the parameter K d , which is sensitive to increases in the carbon to nitrogen in the vegetation, T is mean monthly air temperature, and r is the instantaneous rate of change in ratio of litterfall that are associated with elevated atmospheric CO 2 (McGuire et al., 1997). respiration with change in temperature. The parameter r depends on temperature and is calculated Temperature directly influences R H directly through effects on e0.0693T. Both temperature and as described in McGuire et al. (1992) . In version 4.1 of TEM we added an algorithm that alters the precipitation influence soil moisture to affect f (M V ). Changes in CO 2 concentration, temperparameter K r to represent the accumulation of tissues with low metabolic rate such as heartwood ature, and precipitation also influence R H through effects on NPP that affect the pool size of soil in woody vegetation and structural carbon in nonwoody vegetation.
organic matter through changes in litterfall input.
The parameter K d , which represents the hetero-used to derive other relationships; in TEM, the aggregated nature of litter inputs into the soil trophic respiration rate at 0°C, is the rate-limiting parameter in the R H formulation. The value K d at requires a relationship appropriate to a broad gradient of litter quality. Our implementation of a vegetation-specific calibration site is K dc , which is one of several rate-limiting parameters that are this relationship to determine the dependence of K d on litter quality assumes that K d is propordetermined by calibrating TEM to the annual fluxes and pools at the calibration site for an tional to k (Raich et al., 1991) . represents the physical protection of soil organic
The function f (M V ) is a nonlinear relationship matter in fine-textured soils. To implement that models the influence of volumetric soil moischanges in litter quality associated with changes ture on microbial activity at low soil-moisture in vegetation nitrogen concentration, we relate K d contents and the influence of oxygen availability to a power function of the carbon to nitrogen on microbial activity at high moisture contents: ratio of litterfall:
, where L C and L N are the annual fluxes of litterfall carbon and nitrogen and where L Cc and L Nc are the annual fluxes of litterfall carbon and nitrogen where M Vmin (0%), M Vopt (50%), and M Vmax (100%) are the minimum, optimum, and maxat the calibration site for the ecosystem. The implementation of this power function is based on imum volumetric soil moistures for decomposition. This relationship causes the highest rate of the relationship derived by Melillo et al. (1982) for the decomposition of 13 leaf and needle species decomposition when soils are 50% water by volume. in the laboratory study of Daubenmire and Prusso (1963) . The relationship identifies that an inverse
The exponential relationship with T represents the temperature sensitivity of decomposition, curvilinear relationship exists between the rate constant for annual mass loss, k (Jenny et al., which increases logarithmically with a Q 10 of 2.0 over all temperatures; soil respiration in temperate 1949), and the initial lignin to nitrogen ratio according to a power function with the exponent forest soils has a Q 10 of 1.988 in relationships with mean daily air temperature and 1.983 in relation-−0.784. We used this relationship instead of other relationships (Melillo et al., 1982) because the ships with mean monthly air temperature (Kicklighter et al., 1994) . data used to derive the relationship represents a wider range of lignin to nitrogen ratios than data
